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Abstract 


Limnoperna fortunei (golden mussel) displays significant invasive potential and can lead to economic and environmental 
damage. The aim of this study is to describe the ontogenetical circadian pattern of activity of golden mussel using 
laboratory experiments. Golden mussels were split into two size groups: small (<15 mm) and large (>=15 mm). The 
movement pattern of each size group was filmed. Experiments were carried out in two distinct periods: light-dark 
experiments comprising 9 hours under a bright light followed by 13 hours under a red light and dark-light experiments 
consisting of 13 hours under a red light followed by 9 hours under a bright light. The variables course and speed were 
tested using size (small and large) and experiments (light-dark and dark-light) as factors. Both small and large mussels 
were more active in the first eight hours of the experiments, but no differences were observed regarding course and 
speed between the experiments. The period of the day did not influence the activity or distance patterns traveled by 
golden mussels, although small golden mussels presented significantly higher mean course and speed significantly 
compared to large mussels. Small individuals also displace faster than large individuals, resulting in longer traveled 


distances. 
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Introduction 


Limnoperna fortunei (DUNKER 1857), popularly 
known as the golden mussel, is a bivalve belonging to the 
Mitilidae family originated from Southeast Asia rivers and 
streams [1]. Pastorino, et al. [2] recorded this species for 
the first time in the La Plata River, South America, near 
Buenos Aires, Argentina, in 1991, where it was probably 
introduced by ballast water. Ten years after the first 
record of the golden mussel in the La Plata River, a 3,000 
Km increase (250 Km/year) in this species upstream 
distribution along the bay was observed [3]. Until 2014, 
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the South American L. fortunei range seemed to be limited 
to the large La Plata River basin (comprising the 
Paraguay, Parana and Uruguay rivers) and some minor 
watersheds (Guaiba; Patos-Mirim Lagoon and Tramandai, 
in Brazil and Mar Chiquita, in Argentina) [4]. However, it 
is currently found in several South American regions [5], 
and, recently, Barbosa, et al. [6] reported its occurrence in 
the Sdo Francisco River basin, in northeastern Brazil [7]. 
Risk Invasion Models also predict a high risk invasion in 
both north and northeastern Brazil by 2030 and 2050, 
respectively [8]. 
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Pioneer studies concerning the presence of L. fortunei 
in the Patos-Mirim system have evinced that its invasion 
and spreading occurred from the Guaiba River, in 1998 
[9]. After these first records, the species was reported 
downstream, south, at the Patos Lagoon [10,11], entering 
the estuarine region of the Sao Goncalo Channel. After 
trespassing the waterway that connects the Patos Lagoon 
to the Mirim Lagoon, it began its expansion into the Mirin 
Lagoon, the second largest coastal lagoon in southern 
Brazil bordering Uruguay [11-15]. 


A significant similarity in morphology, size and 
behavior between marine and freshwater mussels is 
noted [16], and three major life cycle periods of these 
animals are observed, namely larval, juvenile and adult 
stages. Many studies have been carried out on the 
settlement behavior of golden mussel larvae and the 
initial post-larvae phases [17,18]. The “pediveliger” stage 
is considered by some authors as the last larval stage. 
Between the larval and juvenile stages (“plantigrade”) the 
mussel is able to secrete byssus threads, allowing for its 
attachment to substrates [16,19]. After settling on the 
substrate, they move only by crawling, which allows them 
to climb and aggregate. This behavior has been also 
described for several freshwater mussels [16,20-27], 
revealing that juvenile golden mussels can crawl over 
several substrates and re-establish in new locations after 
suffering disturbances, [21,28-30]. However, a lack of 
research on the movement pattern of adults is observed 
[20,30,31], mainly because it is hardly imagined that adult 
mussels would move after becoming fixed by their byssus 
[31]. 


Experimental studies are essential to understand 
ontogenetic golden mussel taxis differences [32]. The fact 
that this species has invaded several environments 
demonstrated its great versatility, offering a unique 
opportunity to study the invasive behavior of a highly 
aggressive species [5,19,33]. Lopes & Vieira, et al. [28] 
and Vieira, et al. [29] have demonstrated that fish feeding 
on L. fortunei in nature involves the _ selective 
consumption of smaller size classes. The authors 
suggested that enhanced predation of smaller mussels 
might be due to the fact small individuals are usually 
located on the bottom before they find a hard substrate, 
and that they move around more often than larger 
individuals. However, according to Cataldo, et al. [34], 
direct evidence of this effect is lacking. In this context, the 
aim of this study is to analyze the taxis pattern of distinct 
golden mussel size classes through laboratory 
experiments. The working hypothesis is that golden 
mussel movement (course and speed) is similar 
regardless of size or time of day. 
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Material and Methods 


Organism Collection Area 


Golden mussel stocks were renewed monthly through 
sampling carried out at the Sado Gongalo Channel, RS, 
Brazil (31°49'3.85"S; 52°23'32.60"0). The animals were 
transported in plastic containers with local water and 
taken to Rio Grande Federal University (FURG) adhered to 
the original substrate from the sampling location. 


At the laboratory, animals were maintained in 
aquariums containing water from the environment, 
aerated at 200 C. The mussels were fed at two to three 
days intervals with a microalgae concentrate. After one 
month in the lab, whether or not they were used in the 
experiments, golden mussels were euthanized through 
sodium hypochlorite addition to the water at high 
concentrations, eliminating both adults and larvae, and 
then disposed of. 


Total shell length (TL mm) was determined using a 
digital caliper. Individuals were classified into two size 
groups (small - S <15 mm TL and large - L >=15 mm TL). 
Each individual was used only once in the experiments. 
The dislodgement experiments were carried out for a 
maximum of 22 h and the golden mussels were not fed 
during the experiments. The water used in experiments 
was collected from the Rio Grande municipality public 
supply and aerated for at least 96 hours before 
experiments for chlorine elimination. 


Taxis Experiments 


All experiments were conducted individually. One 
golden mussel was placed in the center of a plastic box 
(internal dimensions: 34 cm height and 32 by 65.5 cm by 
side) with a griddled background (1 square cm). The box 
was filed with water up to 3 cm. A DCR-SR68 Sony video 
camera was used to record displacement over 22 h. To 
observe possible behavior alterations in circadian 
rhythms, the experiments began in two distinct periods: 
1) beginning at 9 am, consisting in bright light exposure 
from 9 am to 6 pm and red light exposure under reduced 
luminosity from 6 pm to 07 am, termed light-dark 
experiments (L-D); 2) beginning at 7 pm comprising red 
light exposure until 8 am and bright light exposure from 8 
am to 5 pm, termed dark-light experiments (D-L). 


Data Analysis 


The course sum (C) was defined as the sum of 
individual tracks during each experiment. Activity hours 
(Ha) were defined as the sum of the number of hours in 
which the course was concluded. Speed (Sp) was defined 
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as the sum of the individual course divided by the activity 
hours. To test for statistical differences between C, S and 
Ha between golden mussels size groups (S and L) and 
type of experiment (L-D and D-L), a two way analysis of 
variance (ANOVA; experiment x group size) was applied, 
followed by Tukey’s test [35]. To verify golden mussel 
individual size (TL) influence on course, a simple 
regression analysis was performed using the R software, 
considering the golden mussels used in all experiments. 
Golden mussels considered dead or with no apparent 
locomotion during the 22 h in each experiment were not 
analyzed. 


Results 


Comparison Between Experiments D-L and L-D 


Tables 1, 2 and 3 indicate that the sum of course (C), 
average speed (Sp) and hours of activity (Ha) displayed 
no significant interaction between the experimental 
factors related to daylight period (L-D and D-L) and group 
size (S and L). No significant differences were observed 


for hours of activity between group size and between 
periods (Table 3). Course and speed also displayed no 
statistics differences between periods. Small golden 
mussels showed significantly higher course means (C 
Small = 109cm +/- SD 65) (p=0.0002) compared to large 
specimens (C Large=24cm +/- SD 26) (Table 1). The 
equation that describes the relationship between size and 
course is given by Course=273.969-14.113 x size 
(R2=0.53; p=0.000001). Small golden mussels showed 
significantly higher mean speed (Sp Small=23cm/h +/- SD 
9.3) (p=0.0001) compared to larger individuals (Sp 
Large=5.3 cm/h +/- SD 4.8) (Table 2). The equation that 
describes the relationship between size and speed is 
given by Speed=51.2615-2.5446 x size (R2=0.57; 
p=0.0000004). 


The smaller the golden mussel, the greater the 
distance traveled. The maximum distance traveled by one 
individual measuring 7.4 mm TL was 285 cm during 10 h, 
speeding up to 60 cm in one hour (Table 4). 


Course MS DF SS F P 
SIZE 3.956 1 3.956 18.47 0.000* 
PERIOD (L-D*D-L) 0.05 1 0.05 0.23 0.634 
SIZE*PERIOD 0.393 1 0.393 1.83 0.187 


Table 1: Two-way analysis of variance (ANOVAS) for course. MS=medium square, DF=degrees of freedom, SS = sum of 
squares, F = variance between groups, P = probability that the null hypothesis is true. 


Speed DF SS F P 
SIZE 1.733 1 1.733 20.71 0.000* 
PERIOD (L-D*D-L) 0.019 1 0.019 0.23 0.637 
SIZE*PERIOD 0.351 1 0.351 4.19 0.051 


Table 2: Two-way analysis of variance (ANOVA) for speed. MS=medium square, DF=degrees of freedom, SS = sum of 
squares, F = variance between groups, P = probability that the null hypothesis is true. 


Hours of activity 
SIZE 0.174 1 3.533 0.07 

PERIOD (L-D*D-L 
SIZE*PERIOD 0.009 1 0.174 0.68 


Table 3: Two-way analysis of variance (ANOVA) for hour of activity. MS=medium square, DF=degrees of freedom, SS = 
sum of squares, F = variance between groups, P = probability that the null hypothesis is true. 


Based on the fact that no statistical differences were 
observed for the studied parameters between the 
experimental periods, all individuals belonging to the 
same size groups (S and L) were analyzed together and 
the activity pattern of each size group was described 
separately. Fourteen small (<15 mm TL) and 17 large 
(>=15 mm TL) golden mussels were used for this analysis. 
Tables 4 and 5 and Figure 1 demonstrate that, regardless 
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of size class (S and L), golden mussels are more active in 
the initial periods of the experiments, displaying peak 
activity in the 6th and 7th hour after the beginning of the 
experiments, respectively. No activity was observed after 
19 hours of experiments (Figure 1). One of the large 
golden mussels, did not move during the experiment 
(Table 4). 
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Figure 1: Activity frequency (%) for all small (line) and large (block) golden mussels during 22 hours. 


Small 
Size | 11 | 14.4 | 13.8 | 11.7 | 9.7 | 13.7 | 7.4 | 11.5 | 10 
SH A B C D E F G H I 


%Ativ 
7.1 
35.7 


S/OlOI]RIOlR | Wir |}oO 


C 122 | 65 80 101 | 100 | 72 | 285 | 137 | 125 
Sp_ | 20.3 | 16.3 | 16 | 25.3 | 3.3 | 10.3 | 28.5 | 22.8 | 31.3 


Table 4: Activity pattern per hour of small (< 15 mm) golden mussels. Mussel size, in mm. SH = sequential hours of the 
experiment. Each letter represents an individual. Sum= sum of the traveled distances by mussels in a particular hour; 
%Ativ= percent of active mussels in a particular hour; Ha= hours of activity; C=sum of courses; Sp=average speed. 
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Large 
Size | 19 | 19 | 17 | 15/22 |17{|15/|15|17|18/19| 16 | 16|16|16|13 | 16 
SH | A | B C 1D |e le |G | det | J | K L M;|N|O|P Q Sum | _ %Ativ 
1 3 6 7 | 8 24 23.5 
2 19 | 29 1{1]1/2 {9 62 41.2 
3 4 24 33 29.4 
4 12 19 17.6 
5 6 19 29.4 
6 27 17.6 
7 8 35 29.4 
8 5 52 35.3 
9 2 1 35 41.2 
10 2 11 17.6 
11 6 11.8 
12 19 37 17.6 
13 17 25 17.6 
14 8 9 11.8 
15 1 5.9 
16 2 5.9 
17 7 11.8 
18 0 0 
19 0 0 
20 0 0 
21 0 0 
22 0 0 
Ha | 0 | 3 9 1 3 
C 0 | 26| 94 1 44 
Sp 0 | 8.7 | 10.4 1 | 14.7 


Table 5: Activity pattern per hour of large (>= 15 mm) golden mussels. Mussel size, in mm. SH = sequential hours of the 
experiment. Each letter represents an individual. Sum= sum of the traveled distances by mussels in a particular hour; 
%Ativ= percent of active mussels in a particular hour; Ha= hours of activity; C=sum of courses; Sp=average speed. 


Discussion 


Assessments concerning self-propelling golden mussel 
movements are underestimated and deserve greater 
consideration, providing better understanding of driver 
dispersion and ecological interactions [30,36,37]. The 
working hypothesis of the present study was that the 
golden mussel movement (course and speed) is similar 
regardless of size and time of day. 


No taxis behavior changes were observed for either 
small (<15 mm TL) or large (> =15 mm CT) individuals 
after the lights of the experiment were turned on or off. 
No statistical differences in distance and speed were 
observed for experiments that began in either light or 
dark situations. These findings are novel and partially 
support the hypothesis that the period of the day does not 
influence activity patterns or distance traveled by golden 
mussels after settlement. 
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Both small and large mussels showed a considerable 
ability to move with a certain taxis, revealing that these 
individuals are able to re-settle to new locations just after 
handling. This behavior enhances the chance of selecting 
safer sites (e.g. crevices) or attaching themselves to 
neighbors via byssal threads, thereby providing mutual 
protection [21,31,38]. 


Both small and large mussels were more active in the 
first eight hours of the experiments. Small individuals 
dislodge themselves significantly faster than large 
individuals, resulting in high traveled distance. Jager, et al. 
[38] report that young mussels can detach themselves 
and search for better locations, while Lopes & Vieira [39] 
and Vieira & Lopes [29] demonstrate that small golden 
mussel are more frequently found in fish guts than large 
individuals. These authors suggest that the significant 
predation of smaller mussels might be due to the fact that 
small individuals who settled in soft bottom wander more 
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often and travel large distances before finding a hard 
substrate, shelter or conglomeration. This ability has 
important implications for biofouling control and likely 
represent adaptive responses, enhancing mussel survival 
and invasive power [31,37]. 


Our experiment duration (22h) does not allow for the 
conclusion if motionless individuals return to motion 
after 22 hours. It is probable that golden mussels can 
return to motion in a period exceeding the experiments 
carried out herein [37]. This is supported by casual 
observations in the laboratory indicating that sessile 
golden mussels may display sporadic movements on 
aquarium walls after more than a day of settlement. 

The detection of invasive species is an important 
management consideration, but once a population of 
golden mussels has become established in a water body, 
there is very little to be done to remove them [40], and 
prevention is the best way to maintain a water body free 
of golden mussels. 
and 


Conclusion, Future Directions 


Recommendations 


Three major golden mussel life cycle periods are 
observed in nature: larvae, juvenile and adult stages. 
Many studies have been conducted on detecting larvae 
and adults, but sampling methods that focus on detecting 
small individual abundance and distribution are scarce 


[4]. 


Both small and large mussels were more active in the 
first hours of the experiments, but the period of the day 
did not influence the activity or distance patterns 
traveled. Small golden mussels presented significantly 
higher mean course, speed and displace faster compared 
to large mussels. 


Future experiments and field collections should be 
carried out on the displacement of small individuals, as 
well as relative abundance measurements, in order to 
improve knowledge on invasive power of this species. 
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